Bacillus pumilus NRS 576 harbored an estimated two copies per chromosome of a covalently closed, circular (CCC) deoxyribonucleic acid (DNA) molecule, the 576 plasmid. The 576 plasmid has a buoyant density of 1.698 g/cm3 and a molecular weight of Table 1 ) lack the 576 plasmid, as judged by the absence of a satellite peak when their DNA is subjected to dye-buoyant density centrifugation. The basis for selection of W mutants is their white-opaque colony appearance after 3 or more days of incubation on tryptose-blood agar base (Difco) or on AK sporulation agar (BBL). Under these conditions, colonies of the plasmid-containing parent are brown and somewhat translucent. W mutants form spores in liquid AK sporulation medium at a frequency greater than 50%, whereas the sporulation frequency of the plasmid-carrying parent is below 1%.
Bacillus pumilus NRS 576 harbored an estimated two copies per chromosome of a covalently closed, circular (CCC) deoxyribonucleic acid (DNA) molecule, the 576 plasmid. The 576 plasmid has a buoyant density of 1 17, 19) . Strain NRS 576 harbors about two copies per chromosome of a 28-million-dalton plasmid. Variants of NRS 576 that lack the plasmid can be isolated by selecting spontaneous mutants (W mutants) that form spores at an elevated frequency relative to the oligosporogenic (plasmid+) parent.
Strain ATCC 7065 harbors an estimated 10 copies per chromosome of 6-million-dalton plasmid. Specific genetic functions have not been assigned to either plasmid, although the presence of the 576 plasmid correlates with the reduced ability of the host strain, NRS 576, to form spores.
In the present communication, a more extensive biochemical characterization of both plasmids is presented.
MATERIALS AND METHODS
Bacteria and growth conditions. The plasmidcarrying B. pumilus strain NRS 576 has been described (17) . Plasmid-negative mutants (W mutants) were isolated as spontaneous variants arising in cultures of NRS 576 (prototroph) or auxotrophic derivatives of NRS 576 (Table 1 ). All W mutants examined (38, including those listed in Table 1 ) lack the 576 plasmid, as judged by the absence of a satellite peak when their DNA is subjected to dye-buoyant density centrifugation. The basis for selection of W mutants is their white-opaque colony appearance after 3 or more days of incubation on tryptose-blood agar base (Difco) or on AK sporulation agar (BBL). Under these conditions, colonies of the plasmid-containing parent are brown and somewhat translucent. W mutants form spores in liquid AK sporulation medium at a frequency greater than 50%, whereas the sporulation frequency of the plasmid-carrying parent is below 1%.
The plasmid-carrying strain B. pumilus ATCC 7065 has been described (19) . B. pumilus NRRL B-3275 (21) and Escherichia coli K-12 (from J. Suit) were a source of their respective DNA types.
E. coli was grown in liquid M-9 (1) containing 0.5% glucose and 0.05% casein hydrolysate. All other growth media have been reported (17) . Incubation was at 37 C; liquid cultures were grown with rotary shaking.
Plasmid isolation. The procedure followed is slightly modified from that previously reported (17) . NRS 576 or ATCC 7065 was grown to stationary phase in 200 ml of Min-CH containing 50 mg of deoxyadenosine and 0.7 mCi of [3H]thymidine (15 Ci/mM; New England Nuclear). Cells were chilled, washed with TES buffer (17) , resuspended in 16 ml of the buffer, and divided into eight 2-ml lots. Each lot was lysed at 37 C by the lysozyme-sarcosyl-Pronase method (17) . The lysates were centrifuged (12,000 x g, 30 min), and the supernatant fractions were decanted, pooled, and mixed with cesium chloride and ethidium bromide (CsCl-EB) as before (17) . Centrifugation, gradient collection, and processing were as reported (17) . Plasmid DNA was not further purified after isolation from CsCl-EB gradients and exhaustive dialysis against TES buffer.
Buoyant density determinations. Equilibrium centrifugation of DNA in CsCl gradients was performed in a Beckman model E analytical ultracentrifuge as described (20) . Reference was E. coli K-12 (16) . DNA was transferred to Formvar-coated grids, stained immediately with uranyl acetate (25) , rinsed in two changes of absolute alcohol, and air-dried. The grids were rotary shadowed with platinum at an angle of about 100 and examined in a Zeiss EM9 S-2 electron microscope. Negatives were enlarged, and contours of DNA molecules were traced with a map measuring device. Molecular weight assignments of the 576 plasmid were determined by comparing the contour length of PM2 DNA with that of the plasmid as before (17) . PM2 DNA circles were assumed to have a molecular weight of 6 x 106 (8) . The molecular weight of the 7065 plasmid was determined in the same manner but using the 576 plasmid as standard. Magnifications were determined with a calibration grid (54,800 lines per inch).
Sucrose gradient centrifugation. Neutral and alkaline 5 to 20% sucrose gradients were prepared and run as previously described (17) .
Bulk DNA isolation for hybridizations. Bulk DNA was isolated from stationary-phase cells and purified through a phenol procedure (20 Filters were dried at room temperature for 4 to 6 h and then at 60 C for 12 h. Filters were "preincubated" in scintillation vials containing 1 ml of preincubation mixture (6) for 6 h at 65 C. Input [3H]thymidinelabeled plasmid DNA or labeled bulk NRS 576 DNA was sonically treated at 2 to 4 Mg/ml, diluted twofold, and heat denatured as above. Tenth-milliliter volumes were added to preincubated filters. Annealing was at 65 C for 16 h. Filters were washed (6), dried, and counted in toluene-base scintillation fluid. In control experiments using denatured 3H-labeled bulk NRS 576 DNA, greater than 88% of the acid-precipitable radioactivity was retained by filters during embedding at DNA concentrations of 5 and 30 Mg per filter. Such filters taken through a mock hybridization (omitting input DNA) lost 5% or less of the filterbound radioactivity.
To assure that ribonucleic acid was not interfering with plasmid hybridizations, a 576 plasmid preparation was incubated for 18 h in 0.3 N sodium hydroxide at 37 C, neutralized with HCl, dialyzed against SSC, and used in the hybridization procedure as above. Comparable hybridization results were obtained with untreated or alkali-treated plasmid (e.g., compare Fig. 3 with Table 3 ).
RESULTS
Biochemical properties of the 576 plasmid.
Approximately 3 to 3.5% of the DNA extracted from B. pumilus NRS 576 can be isolated as covalently closed, circular (CCC) duplex molecules (17) . Quantitatively similar results are obtained regardless of whether the plasmid is isolated from cells in log or stationary phase ( Table 2 ).
The molecular weight of the plasmid appears to be unaffected by the stage of growth of the (17) . The molecular weight of the 576 plasmid is about 28 x 10 ¶. The above results indicate that the 576 plasmid is present in at least two copies per chromosome in both exponentially growing and stationary-phase cells, if it is assumed that the molecular weight of the B. pum4ws chromosome is similar to that reported for B. subtilis (approximately 2 x 10'; ref. 14, 15) .
The buoyant density of the 576 plasmid is 1.698 g/cm' (Fig. 2) , whereas the bulk DNA of strain NRS 576 has a buoyant density of 1.701. Accordingly, the base composition of the plasmid is similar, but not identical, to that of the chromosome.
Plasmid hybridization studies. W mutants are spontaneously occurring variants of NRS 576 that form spores at an elevated frequency relative to the parent (17) . The frequency of appearance of these variants is difficult to accurately determine, but appears to be on the order of 10-5 to 10-7. DNA isolated from more than 35 W mutants has been examined by CsCl-EB gradient centrifugation. In all cases, W mutant lysates contained no detectable plasmid DNA. Three possibilities were suggested to account for the appearance of the W mutants: plasmid loss, plasmid integration into the chromosome, or conversion of the plasmid to a physically altered form not distinguishable from chromosomal DNA in dye-buoyant density gradients (17) . To aid in distinguishing among these, DNA hybridization studies were performed.
Hybridization of purified 576 plasmid with varying concentrations of filter-embedded bulk DNA extracted from NRS 576, a W mutant, and E. coli is shown in Fig. 3 DNA. A reasonable interpretation is that W mutants lack the 576 plasmid.
Extensive homology exists between the bulk DNA of NRS 576 and that of the W mutants (Table 3 ). This indicates that the differences between the DNA types detected in the plasmid hybridizations are, in fact, plasmid specific.
Hybrid formation between the plasmid and W mutant DNA was consistently observed to be three to four times that obtained with filterbound E. coli DNA (Fig. 3, Table 3 ). This may indicate a small degree of homology between plasmid and chromosome DNA. Homology between plasmid and chromosome DNA has been reported in other systems (9, 28) .
For comparison in some of the hybridization experiments we included DNA extracted from B. pumilus strain NRRL B-3275. This strain lacks detectable CCC DNA (in CsCl-EB gradients) but is very closely related to NRS 576, as evidenced by the extensive number of genetic markers which can be transduced between the strains (18; unpublished data). In the hybridizations, B-3275 DNA gave results comparable to those obtained with the W mutants (Table   3 ).
Biochemical properties of the 7065 plasmid. Approximately 2 to 3% of the DNA extracted from B. pumilus ATCC 7065 can be isolated as CCC molecules in dye-buoyant density gradients (19) . This value appears to be independent of the growth phase of the cells (Table 4) . 7065 plasmid DNA isolated from log-phase (19) . Plasmid DNA isolated from stationary-phase cells has been found to frequently contain two size classes of CCC molecules (Fig. 4) . The majority of the molecules have a sedimentation velocity of 29S, corresponding to the CCC molecules carried by log-phase cells. The minor size class sedimented at 37S in neutral sucrose gradients and always comprised less than 10% of the DNA recovered from the gradients. The CCC nature of the minor component is inferred from the increase in sedimentation velocity (to 79S) on alkaline sucrose gradients (Fig. 4) . The minor component (37S) has been detected in four of seven plasmid preparations obtained from stationaryphase cells, but was not detected in five plasmid preparations isolated from log-phase cells.
CCC DNA from stationary-phase ATCC 7065 cells was allowed to spontaneously convert to open circles during storage at 4 C for about 1 month (Fig. 5) . The majority of the molecules (>90%) observed by electron microscopy appeared to represent a single size class. Twentytwo such molecules had a contour length 0.21 times the contour length of the 576 plasmid. The 576 plasmid has a molecular weight of 28 x 106. Therefore, the 7065 plasmid has a molecular weight of about 5.9 x 106. This value is generally consistent with the molecular weight of the plasmid calculated from its sedimentation velocity (29S _ 6.4 x 106; ref. 13) .
The relationship between the 29 and 37S circles is not clear. CCC molecules of 37S should have a molecular weight (about 11 x 106) nearly twice that of 29S CCC molecules (13) . The absence of the 37S component from log-phase cell DNA and its variable appearance in stationary-phase cell DNA may indicate that the 37S component is derived from the 29S form. For instance, the 37S form could be a dimer of the 29S form. Because of the variable appearance and low concentration of the 37S compo- (19) .
nent, this point has not been examined in further detail.
The buoyant density of the 7065 plasmid is 1.696 g/cm3 (Fig. 2) . This is distinct from the buoyant density of the bulk DNA extracted from the host ATCC 7065 (p = 1.702; ref. 19 ).
DISCUSSION
Reports from several laboratories have established the occurrence of plasmids in diverse groups of bacteria (4, 11, 22) . Biochemical evidence demonstrating the existence of such elements in sporeforming bacteria presently appears to be limited to strains of B. pumilus, although circular DNA apparently of chromosomal origin has been reported in a strain of Bacillus megaterium (3, 12) . In the present report we have presented a biochemical study of two B. pumilus plasmids. The basic properties of both are not unlike those of representative plasmids isolated from members of other genera of bacteria (4 (10) are relatively closely related, as evidenced by their genetic similarity (7, 21, 25, 29) and sensitivity to many of the same bacteriophages.
